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Summary
Th e drying characteristics of “Granny Smith” apples were analysed using a 
tunnel drier at diff erent temperatures and diff erent pre-treatments. „Granny 
Smith“ apples were cut into rectangle-shaped samples 20x20x5 mm in size. 
Th e drying temperatures for non-treated samples varied from 50ºC to 80ºC 
at airfl ow velocity of 2.8 m s-1. Prior to drying at 60ºC, the samples were pre-
treated either thermally or chemically, or both (blanching in hot water, steam 
blanching, blanching in hot 0.6% CaCl2 solution, freezing to temperature of 
–18ºC and dipping in 1% ascorbic acid solution). Th e aim of the study was to 
get dried apples with approximately 10% water content, with good texture, 
rehydration capability and colour quality. Th e eff ect of the temperatures and 
pre-treatments on the quality of dried apple samples was determined on the 
basis of colour and volume changes and reconstitution characteristics. Th e 
kinetic equations were estimated using exponential mathematical model. 
Th e results of the estimation exhibited correspondence to the experimental 
results. Th e best results for non-treated apple samples: shorter drying time, 
better rehydration properties and small colour changes were achieved at the 
drying temperature of 60°C and airfl ow velocity of 2.8 m s-1. Blanching in hot 
water, steam blanching and blanching in hot 0.6% CaCl2 solution resulted in 
higher values of rehydration ratio in comparison to other tested pre-drying 
methods. Th e given methods signifi cantly improved rehydration properties and 
accelerated the drying kinetics in comparison to drying of non-treated apple 
samples. Th e values of rehydration ratio decreased with the increase of the 
drying temperature. Th e values of eff ective diff usion coeffi  cient were higher in 
the case of drying of blanched samples in hot water at temperature of 85°C for 
three minutes in comparison to drying of non-treated apple samples.
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Introduction
Th e post-harvest losses of agricultural products can 
be reduced drastically by using proper drying techniques. 
Th e basic objective in drying of agricultural products is 
the removal of water in the solids up to certain level, at 
which microbial spoilage and deterioration chemical re-
actions are greatly minimised. Th e other advantages of 
dried product are minimized packaging requirements 
and lower shipping costs as a result of reduced weight 
(Sabarez et al., 1997). Fruit is generally characterized by 
high initial moisture content, high temperature sensitiv-
ity (i.e. colour, fl avour, texture and nutritional value are 
subject to thermal deterioration) and shrinkage of materi-
als during drying. Th e required amount of thermal energy 
needed to dry a particular product depends on many fac-
tors, such as, initial moisture content, desired fi nal mois-
ture content, temperature and relative humidity of drying 
air and air fl ow rate.
Apples are important raw material for many food prod-
ucts and apple plantations are cultivated all over the world 
in many countries. Apples are consumed either fresh or in 
the form of various processed products such as juice, jam, 
marmalade, dried apples, etc. Convection drying as well as 
other techniques for drying are used in order to preserve 
the original characteristics of apples (Velić et al., 2003). 
During drying the material undergoes shrinkage. In 
the early stages of drying the surface layers do not diff er 
much in properties from those in the centre. Th e material 
is viscoelastic, and is able to deform. Th e amount of evap-
orated water is refl ected by change in volume (Lewicki et 
al., 1997). Total volume changes of the apple tissue with 
respect to the initial volume are dependent on the pre-
treatment. Lapsley et al. (1992) reported that shrinkage 
of apples was approximately 23 % due to blanching. Th is 
value is similar to the reported porosity of the fruit where 
air spaces comprise 20-30 % of fl esh tissue volume.
Blanching of the fruit tissue as a pre-drying treatment is 
usually carried out to prevent off  fl avours and color changes 
due to enzymatic reactions and to decrease of the initial 
microorganisms load. In the most cases blanching is a pri-
mary step in processing of fruits and vegetables. Despite 
its preserving advantage it leads to nutrient degradation, 
particularly of vitamins, and loss of colour. Duration and 
temperature of blanching inactivate particular enzymes; 
overblanching may result in an undesirable loss of colour, 
fl avour, texture and nutrient quality in addition to exces-
sive energy requirement and water disposal (Neuman, 
1972; Seow et al., 1992).  
Recently, the use of natural products and their deriva-
tives was found to be eff ective in reducing browning and 
decay of many fresh-cut fruits and vegetables (Ahvenainen, 
1996). Th ese antibrowning agents and their derivatives 
such as 4-hexylresorcinol, N-acetylcysteine (AC), ascor-
bic acid (AA), isoascorbic acid (IAA), potassium sorbate, 
calcium chloride and propionate, alone or in combination 
at diff erent concentrations, were found to be eff ective in 
retarding browning and reducing decay of fresh-cut prod-
ucts (González-Aguilar et al., 2001; Buta et al., 1999; Buta 
and Abbott, 2000).
As an attempt to preserve the quality of fresh-cut 
apples by reducing browning and decay, treatments with 
antibrowning compounds in conjunction with the con-
vection drying was evaluated. Th eir eff ects on reduction 
of browning, modifi cation of texture and other quality at-
tributes as well as microbial decay were studied. Th e present 
study was, therefore, undertaken to investigate conditions 
under which the characteristics of fresh apples can be pre-
served and to defi ne optimal parameters for their storage 
and reuse. Th is work also examined diff usion coeffi  cients, 
which are the principle transport property for the moisture 
removal phenomena in the drying of apples.
Materials and methods
Apples (Granny Smith cultivar) were obtained from 
the local supermarket and stored at +4°C. Aft er 2 h of sta-
bilization at ambient temperature, homogenous samples 
were cut vertical to their axis into cylindrical slices of 5 
mm thickness using a hand operated slicer and then were 
cut into the rectangle-shaped slices, dimensions 20x20x5 
mm with standard model. 
Th e dehydration kinetics of samples were determined 
by continues recording of mass changes, temperature pro-
fi le of material and drying media, as well as moisture pro-
fi le using computer process control.
Th e drying temperatures for non-treated samples varied 
from 50ºC to 80ºC at airfl ow velocity of 2.8 m.s-1. To speed 
up the dehydration kinetics and to eliminate the enzymatic 
browning activity, as well as non-enzymatic changes during 
dehydration process diff erent physical and chemical pro-
cedures of samples pre-treatment were applied. 
Prior to drying at the drying temperature of 60°C, the 
samples were pre-treated either thermally or chemically, 
or both: (i) blanching in hot water at 85ºC for 3 min; (ii) 
steam blanching for 3 min; (iii) blanching in hot 0.6% 
CaCl2 solution at 90°C for 1 min; (iv) freezing at tempera-
ture of –18ºC for 24 hours; (v) dipping in 1% ascorbic acid 
solution for 3 min.
Drying equipment
Th e drying was performed in a pilot plant tray dryer. 
Th e dryer operates on the thermogravimetric principle. 
Th e dryer (Figure 1) was equipped with controllers for 
controlling the temperature and airfl ow velocity. Air was 
drawn into the duct through a diff user by a motor driven 
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axial fl ow fan impeller. In the tunnel of the dryer there 
were carriers for trays with samples, which were connected 
to a balance. Th e balance was placed outside the dryer and 
continuously determined and displayed the sample weight. 
A digital anemometer at the end of the tunnel measured 
airfl ow velocity. 
Drying procedure
For the purposes of this study the dryer was operated at 
air velocity of 2.8 m s-1. Th e air fl owed parallel to the hori-
zontal drying surfaces of the samples. Th e drying process 
started when drying conditions were achieved. Th e apple 
samples on trays were placed into the tunnel of the dryer 
and the measurement started from this point. During the 
drying process temperature changes of dried samples were 
continuously recorded by thermocouples connected to the 
PC. “Testo 350” probes, placed into the drying chamber, 
were used to measure relative humidity and drying air 
temperature. Sample weight loss was recorded every fi ve 
minutes during the drying process using a digital balance 
(Ohaus, Explorer, USA). Dehydration lasted until a mois-
ture content of about 10% (wet base) was achieved. Airfl ow 
velocity was measured every fi ve minutes with a digital 
anemometer (Armfi eld, UK) that was placed at the end of 
the tunnel. Dried samples were kept in airtight glass jars 
until the beginning of rehydratation experiments.
Determination of the total solid/moisture content
Small quantities (~10g) of chopped sample were dried 
in a vacuum oven (8 h at 70°C and 30 mbar pressure). Time 
dependent moisture content of the samples was calculat-
ed from the sample weight and dry basis weight. Weight 
loss data allowed the moisture content to be calculated as 
follows:.X(t) = mw/mdb
Colour measurement 
Th e colour of the fresh and dried samples was meas-
ured using Chromameter CR-300 (Minolta). Th e three pa-
rameters L (lightness), a (redness) and b (yellowness) were 
used to study the colour changes. Th e total colour diff er-
ence (ΔE) was calculated as follows (Hunter, 1975).
? ? ? ? ? ?222 ?b?a?L?E ???    (1)
000 bb?baa?aLL?L ??????  (2)
Samples were placed on the measure head of CR 400 
and measurements of colour were performed on both sides 
of the largest surface (20 mm2) for all prepared samples. A 
standard white colour was used as a reference.
Rehydration 
Most of the dehydrated products usually rehydrate 
during their use, so the additional indicators of quality are 
the rate and extent of rehydration. Th e optimal reconsti-
tution properties can be achieved through the control of 
the dehydration process and the rehydration conditions 
(Planinić et al., 2005). Rehydration ratio is widely used as 
a quality evaluation method aft er drying was performed. 
In fact, it is a complex process that indicates the chemi-
cal and physical changes caused by the drying procedures 
(Lewicki, 1998a; 1998b). Rehydration properties of the 
samples were expressed as rehydration ratio. Rehydration 




WRR ?      (3)
Where Wr is the drained weight (g) of rehydrated 
sample, and Wd is the weight of dry sample used for re-
hydration. 
Shrinkage test
Th e shrinkage of foodstuff  is a common physical phe-
nomenon observed during diff erent dehydration processes. 
Th ese changes aff ect the quality of the dehydrated product 
and should be taken into consideration when predicting 
moisture and temperature profi les in the dried material 
(Mayor and Sereno, 2004; Krokida and Maroulis, 2001). 
For the shrinkage study the volume of fresh and dried sam-
ples was measured by immersing them in n-heptane. Th e 






0 ??    (4)
Where V0 and V are respectively the volume (ml) of 
apple at the beginning and at the end of the drying ex-
periment.  
Drying rate curve determination
Th e used Midilli-Kucuk model (a thin-layer model) 
successfully describes the drying kinetics of food materi-
als (Midilli et al., 2002). Th e authors also used this model 
to describe the changes of moisture content and drying 
rates. Th e time dependent weight of samples was con-
verted for the given time dependent to moisture content. 
To avoid some ambiguity in results because of the diff er-
ences in the initial sample moisture, the sample moisture 
was expressed as dimensionless moisture ratio X’ =.X(t)/
X0. Th e drying curve for each experiment was obtained by 
Air outlet Air inlet 
Digital 
anemometer Trays  






Thermocouples to PC 
Relative humidity couples 
Door
Thermocouples
Figure 1. Pilot plant tray dryer
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plotting the dimensionless moisture of the sample versus 
the drying time (Velić et al., 2004). 
For the approximation of the experimental data and 
calculating drying curves and drying rate curves, the 
Midilli-Kucuk was used, as follows:
tbea(t)X'
ntk ???? ??     (5)
? ? ? ? btnka
dt
tdX' 1n ?????? ?    (6)
Midilli-Kucuk model parameters for drying kinetics a, 
k, n and b were calculated by non-linear regression method 
(Quasi-Newton) using Statistica 6.0 computer program. 
Th e correlation coeffi  cient (r2) was used as a measure of 
model adequation. 
Determination of the eff ective diff usion 
coeffi  cient
Fick’s second law can be used to describe the drying 
behaviour of apple “Granny Smith”. Th e simplifi ed method 
(Zogozsa et al., 1994) was used to determine the eff ective 
diff usion coeffi  cient. For a thin plate the solution of Fick’s 
law of diff usion, with assumptions of moisture migrating 
only by diff usion, negligible shrinking, constant tempera-
ture and diff usion coeffi  cients and long drying times, are 


























where Xe and X0 represent equilibrium and initial mois-
ture contents and l  is the slab thickness. Th e value of the 
equilibrium moisture content is relatively small (low air 
relative humidity) compared to X or X0. Th us (X – Xe)/
(X0 – Xe) is simplifi ed to X’=X/X0 (dimensionless mois-
ture ratio) (Doymaz and Pala, 2002). 
Where sample thickness is small (0.005 m) and drying 
time is relatively long, only the fi rst term of Fickan’s solu-
tion series is need, and equation (7) becomes:
)tKexp(a'X ????     (8)
where ? ? ? ?22eff 4DK ???  represent the slope of X’ vs. t 
plotting on the semi-logarithmic diagram. 
Results and discussion
Th e drying characteristics of “Granny Smith” apple 
were analysed using tunnel drier at diff erent temperatures 
and diff erent pre-treatments. Th e drying temperatures of 
non-treated samples varied from 50ºC to 80ºC at airfl ow 
velocity of 2.8 m s-1. Prior to drying at 60ºC, the samples 
were pre-treated either thermally or chemically, or both 
(blanching in hot water, steam blanching, blanching in 
hot,6% CaCl2 solution, freezing to temperature of – 18ºC 















Figure 4. Temperature of non-treated apple samples 
vs. drying time at different drying temperatures
Figure 2. Experimental and approximated moisture 
content as a function of drying time at different drying 
temperatures and at air velocity of 2.8 m s-1 for convection 
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Figure 3. Drying rate vs. drying time for different drying 
temperatures for convection drying of non-treated apple 
samples
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of initial moisture content of approximately 6.94 kg water 
per kg of dry matter was dried to the fi nal moisture con-
tent of approximately 0.12 kg water per kg of dry matter 
until no further changes in their mass were observed. Th e 
moisture contents (experimental and modelled data) versus 
drying time at diff erent temperatures are shown in Figure 
2. It can be seen that a good agreement between the exper-
imental data and the chosen mathematical model (Midilli 
and Kucuk) exists, which is confi rmed by high values of 
correlation coeffi  cient (0.99) in all runs. Results show that 
the temperatures had a signifi cant eff ect on drying rates of 
apple. With the increase of the temperature, the time re-
quired to achieve certain moisture content decreased. 
Figure 3 show typical drying rate curve, which are char-
acterised by two falling rate periods with no undoubtedly 
apparent constant rate period. If the slope of tangent to the 
drying curve (-dX/dt) was considered as the drying rate of 
the sample, the results suggest that in the second period 
drying was faster than in the fi rst falling rate period.
Figure 4 shows temperature (temperature profi le) in 
non-treated samples versus drying time at diff erent drying 
temperatures. Figure 5 shows total colour diff erence versus 
diff erent drying temperatures for non-treated apple sam-
ples. Th e lowest value of ΔE was found for untreated apple 
slices dried at a drying air temperature of 60°C. 
Figure 6 shows rehydration ratio versus diff erent drying 
temperatures for drying of non-treated apple samples. With 
the increase of the drying temperature, rehydration ratio 
for non-treated apple samples decreased. Figure 7 shows 
rehydration ratio versus diff erent pre-treatments of apple 
samples. It can be seen that blanching with hot water re-
sulted in the highest rehydration, compared to other pre-
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Figure 6. Rehydration ratio (RR) vs. different drying 
temperatures of non-treated apple samples
Figure 5. The total colour difference (ΔE) vs. different 





















Figure 7. Rehydration ratio (RR) vs. different pre-



















Figure 8. Percentage of shrinkage vs. different pre-
treatments and drying temperature of 60°C
List of abbreviations: NT – non treated samples; BL-w – 
blanching in hot water; BL-st – steam blanching; BL-cc – 
blanching in CaCl2 solution; FR – freezing; AA - ascorbic acid
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pre-treated apple samples at the drying temperatures of 
60°C is shown in Figure 8. It can be seen that shrinkage 
eff ect was intensive for pre-treated apple samples with the 
exception of freezing. 
Figure 9 shows eff ective diff usion coeffi  cient versus dif-
ferent drying temperatures of non-treated and blanched 
apple samples. Th e eff ective diff usivity increased with the 
increase of the drying air temperature in both cases. Th e 
values of eff ective diff usivity varied in the range of 2.46·10-9 
to 5.66·10-9 m2 s-1 for non-treated samples and in the range 
of 4.48·10-9 – 8.15·10-9 m2 s-1 for blanched apple samples. 
Similar results were reported by Velić et al. (2004). Th e 
small diff erences between the results could be due to the 
diff erences in varieties, drying equipment and some un-
controlled parameters. 
Conclusions
Th e kinetic equations were estimated using Midilli 
and Kucuk model. Th e results of the estimation exhibited 
correspondence to the experimental results. Th e best re-
sults for non-treated apple samples: shorter drying time, 
better rehydration properties and small colour changes 
were achieved at the drying temperature of 60°C and air-
fl ow velocity of 2.8 m.s-1. Blanching in hot water, steam 
blanching and blanching in hot 0.6% CaCl2 solution, have 
resulted in higher values of rehydration ratio in compari-
son to other tested pre-drying methods. Th e given methods 
signifi cantly improved rehydration properties and acceler-
ated the drying kinetics in comparison to drying of non-
treated apple samples. Th e values of rehydration ratio of 
non-treated apple samples decreased with the increase of 
the drying temperature. Th e values of eff ective diff usion 
coeffi  cient were higher in the case of drying of blanched 
samples in hot water at temperature of 85°C during three 
minutes in comparison to drying of non-treated apple 
samples. Th e values of eff ective diff usivity were found to 
vary in the range of 2.46·10-9 to 5.66·10-9 m2 s-1 for non-
treated samples and in the range of 4.48·10-9 – 8.15·10-9 
m2 s-1 for blanched apple samples. 
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Figure 9. Effective diffusion coefficient vs. different drying 
temperatures of non-treated and blanched apple samples
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